The possibility of long-term grape juice concentrate (GJC) consumption conferring a protective effect against cadmium (Cd)-induced damage to the epididymis, completely preserving sperm profile, was evaluated here for the first time in the scientific literature. Male Wistar rats (n = 6/per group) received an intraperitoneal Cd injection (1.2 mg/Kg) at age 80 days and GJC (2 g/Kg) by gavage from 50 days until 136 days old. Groups receiving either Cd or GJC were added. An intraperitoneal injection of saline (0.9%) and water by gavage was administered in the absence of treatment with Cd or GJC. Animals were anaesthetized and exsanguinated at 136 days; the vas deferens, left testis and epididymis were removed; and perfusion continued with fixative. The right epididymis was collected for morphological analysis. Cd had a devastating effect demonstrated by reduced sperm count in testes and epididymis, sperm production and normal sperm count, besides increased epididymis sperm transit time and completely disorganized morphology. These alterations were attributed to higher Cd levels in the testes and a lipid peroxidation (LP) process. Consumption of GJC plus Cd intoxication was effective, reducing metal accumulation and LP. Consequently, we could identify a preserved sperm profile, with improvement in testis and epididymis sperm count, normal sperm structure and sperm transit time. Moreover, GJC extends its protective effect to the epididymis, allowing complete re-establishment of its morphology, ensuring successful sperm maturation process. In conclusion, our study indicates long-term GJC as a promising therapy against reproductive chemical intoxication injury damage, preserving sperm prior to ejaculation.
enzymes (Andrade 2006; Gang et al. 2015; Pires et al. 2013; Mojica-Villegas et al. 2014) .
On the other hand, cadmium (Cd) is a toxic metal, occurring as a common environmental contamination (present in pesticides and cigarettes) that induces cellular damage, mainly due to the production of free radicals (El-Shahat et al. 2009; Wang et al. 2011) . Moreover, Cd has the ability to accumulate in organs, especially in testes, where its presence causes lipid peroxidation, destroys cell adhesion and promotes spermatic damages, among other alterations (Who, 1992; Gupta et al. 2004; Messaoudi et al. 2010) . Recent studies have confirmed that this metal accumulates in the testis and can reduce sperm concentration and sperm motility and increase the percentage of abnormal sperm (Ola-Mudathir et al. 2008; Wang et al. 2016) . Cd can also increase peroxidation levels and alter antioxidant markers such as catalase, glutathione and superoxide dismutase, affecting the antioxidant status (OlaMudathir et al. 2008; Wang et al. 2012) . Moreover, Predes et al. (2016) demonstrated that Cd-intoxicated rats showed a higher epithelium in the epididymis caput and cauda, reduced sperm and the presence of cell debris in the lumen of both epididymis compartments.
A previous study by our group revealed that when daily ingested, grape juice concentrate can mitigate Cd-induced damages in testis morphology, possibly preventing the disruption of spermatogenic development caused by this metal (Lamas et al. 2015) . Thus, the aim of this study was to verify whether grape juice concentrate protective effect is extended to other organs of the reproductive system, preserving sperm output. To accomplish this, the epididymis' morphology, sperm parameters, oxidative profile and Cd accumulation analysis were developed.
Material and methods

Grape juice concentrate (GJC)
The grape juice concentrate used in the present research was G8000â provided by Golden Sucos (Farroupilha-RS, Brazil) . To calculate the grape juice concentrate dosage, the total phenols were measured by the Folin-Ciocalteu assay (Singleton & Rossi 1965) , using gallic acid (Sigma-Aldrich, St Louis, MO, USA) for the standard curve, and the results were expressed as mg EAG/kg. Readings (in triplicate) were taken at 740 nm, using a Genesis 2 (Mattson Instruments, East Lyme, CT, USA) spectrometer.
This analysis revealed the percentage of phenols in G8000â. It is known that an effective amount of polyphenols for an adult human is 2 g/day (Ada (American Dietetic Association) 2004). The proportion of this recommendation for a rat was 16 mg/day, considering that its metabolism is faster than human metabolism (Zorzano & Herrera 1990; Scollon et al. 2009 ). According to this higher metabolism and based on the American Dietetic Association's recommendation of 200-500 ml of grape juice (Ada (American Dietetic Association) 2004), the dosage of 2 mg/Kg of body weight (BW) was chosen. The G8000â components characterization and the nature of the bioactive compounds present in this concentrate can be verified in a previous study by Aguiar et al. (2011) .
Ethical approval statement
All procedures were developed according to the Guide of Care and Use of Laboratory Animals and were approved by the Committee for Ethics in Animal Experimentation of the University of Campinas (#2900-1).
Animals and experimental design
For this study, 24 Wistar rats (50 days old) were obtained from the Central Animal Raising Unit of Unicamp (State University of Campinas, Campinas, SP, Brazil). The animals were housed three per cage, with a 12-h light-dark cycle. Food and water were provided ad libitum.
The rats were randomly divided into four groups (n = 6), that received the following treatments. The control group (CTg) received water by gavage. The cadmium group (Cdg) received water and a Cd injection (1.2 mg/Kg). The grape juice group (GJg) received 2 g G8000â/Kg/day. The fourth group received the same GJC dose and CdCl 2 injection (CdGJg).
Cadmium chloride (CdCl 2 P.A. Nuclearâ cod. 318430) diluted in 0.5 ml of distilled water (Predes et al. 2010) was injected intraperitoneally in a single dose of 1.2 mg/Kg when the rats were considered adults (80 days old) (Zanato et al. 1994) . This dose was chosen based in our previous work (Lamas et al. 2015 ) and in research that tested low doses of cadmium that can cause testicular injury (Predes et al. 2010) . The GJC (2 g/Kg/day) was administered as a single daily dose by gavage. This procedure was always performed in the morning, in an anteroom of the vivarium of the Department of Cell Biology of Unicamp. The GJC treatment lasted 86 days, starting when animals were 50 days old and continued until the animals were 136 days old. This treatment period was chosen based on our previous research because it encompasses the sexual maturation of the rats, being administered from the beginning of sexual maturity (50 days old) until the end of one spermatogenic cycle in adult life (cycle lasts 56 days after the age of 80 days) (Zanato et al. 1994; Lamas et al. 2015) . The groups CTg and GJg received an intraperitoneal injection of 0.9% saline solution (volume 0.5 ml), and groups CTg and Cdg received water by gavage, to maintain the same experimental conditions. At the end of the experiment, animals were anesthetized using a mixture of ketamine and xylazine (10 and 80 mg/kg respectively).
Sample collection and tissue preparation for microscopy analysis
After anaesthesia, the chest cavity was opened and animals were first perfused with saline solution (0.9%) to clear the testis vascular bed. The left testis and epididymis were removed. Half of this testis and the entire epididymis were frozen at À20°C for sperm counts, and the other half of the testis was frozen at À80°C for biochemical and Cd detection International Journal of Experimental Pathology, 2017, 98, 86-99 analyses. One centimetre of the vas deferens, proximal to the epididymis, was removed and then twisted and compressed in PBS buffer (pH = 7) where it remained for about 15 min to diffuse spermatozoa for morphological analysis. Then, the perfusion continued with Karnovsky fixative [5% glutaraldehyde, 2.5% paraformaldehyde 0.2 M in sodium phosphate buffer (pH 7.2)] for at least 20 min. The right epididymis was removed and weighed with an analytical scale (Ohausâ, Barueri, São Paulo, Brazil). The organs were postfixed overnight in the same solution. The following day, small blocks of the right epididymis were embedded in glycol methacrylate. They were sectioned at 3 lm thickness and stained with toluidine blue/1% sodium borate, for light microscopy analyses. For transmission electron microscopy analysis, samples were postfixed in osmium tetroxide (1%), dehydrated in acetone and embedded in epoxy resin. Ultrathin sections were obtained and stained with uranyl acetate (2%) and lead citrate (0.2%), before observation with a transmission electron microscope (Zeiss, Leo 906-Oberkochen, Germany).
Biometry and morphometric analysis
The animals' body weight was measured at the end of the experiment. The left epididymis was weighed to obtain the epididymis absolute weight (g), with an analytical scale (Ohausâ), immediately after being collected. The relative weight (%) of epididymis was calculated relating the epididymis absolute weight and the respective animal total body weight. The epithelium height evaluation was performed using 15 transverse sections of epididymis tubules with a circular shape (2009 magnification) , in the epididymis caput and cauda. The epithelium height was determined by the average of four diametrically opposed measurements.
Volumetric proportion of epididymis' caput and cauda compartments
To determine the proportion of tubular (epithelium, lumen and smooth cell) and intertubular compartments in the epididymis caput and cauda, 10 randomly captured images (2009 magnification) per animal were used. These photomicrographs were obtained using the light microscope, Olympus BX41 associated with the IMAGE-PRO PLUS 6.0 software (Media Cybernetics, Inc. MD, USA). A grid containing 100 intersections was superimposed on the imagens, and the points were classified as: epithelium, lumen, smooth muscle and interstitium. Thus, based on the total 1000 intersections per animal, it was possible to calculate the proportion of each component.
Sperm parameters
To analyse the daily sperm production (DSP), the half of the testicle tissue frozen at À20°C was used. The technique used was according to Robb et al. (1978) , and sperm production value was corrected as proposed by Pires et al. (2013) . The sperm transit time (STT) was performed using the epididymis frozen at À20°C. Sperm from the caput/corpus and cauda portions were counted in a Neubauer chamber according to Robb et al. (1978) . The STT was calculated according to Kempinas et al. (1998) .
To determine sperm abnormalities, a suspension of spermatozoa from the vas deferens was examined on a histological slide (Seed et al. 1996) . Two hundred spermatozoa per animal were microscopically analysed at 4009 magnification and separated into two categories: normal and abnormal (Seed et al. 1996; Oliveira et al. 2009; Favareto et al. 2011) .
Determination of Cd concentration in testicular tissue
To determine Cd concentration in testicular tissue, 4 ml of deionized water was added to 0.15 g of the homogenized sample, allowed to stand for 5 min. Subsequently, 0.5 ml of tetramethylammonium hydroxide was added and again the mixture was homogenized for 30 min in an ultrasound cleaning tank. The total volume was completed to 10 ml, and analysis was performed by graphite furnace atomic absorption spectrometry (GF AAS model AAnalyst 600, Perkin-Elmer, Norwalk, USA). The analytical calibration curve was obtained for concentrations of 1-9lg/l using aqueous metallic element standards and NH 4 H 2 PO 4 as a chemical modifier. The pyrolysis and atomization temperatures were 500°C and 1500°C respectively. The same procedure was carried out with a certified reference material (NIST 1577b) to evaluate the method accuracy. All readings were performed in triplicate.
Oxidative stress markers
To perform these analyses, testicular tissue stored at À80°C was used. Part of the testis was homogenized and then centrifuged according to the recommendations of the respective commercial diagnostic kits used. The supernatant was removed and used for the assays. The amount of malondialdehyde (MDA) was measured to give the lipid peroxidation level, using TBARS Assay Kit from Cayman Chemicalâ (Ann Arbor, MI, USA) (cat no 10009055; lot no 0452078). The enzyme catalase (CAT) was determined spectrophotometrically following the decomposition of hydrogen peroxide (H 2 O 2 ) with a Catalase Assay Kit from Sigma-Aldrichâ (cat no CAT100; lot no 110M4055). Superoxide dismutase (SOD) assay was performed using Superoxide Dismutase Assay Kit from Cayman Chemicalâ (cat noo 706002; lot no 0447900), which applies a tetrazolium salt for superoxide radical detection, generated by xanthine oxidase and hypoxanthine. To evaluate reduced glutathione (GSH), the Glutathione Assay Kit from SigmaAldrichâ was employed (cat no CS0260; lot no 082M4089).
Statistical analysis
The analysis of variance (ANOVA) followed by Tukey's test (STATISTICAâ, StatSoft South America, São Caetano do SulSão Paulo, Brazil) was used to compare the control values and other groups. The results were considered significant for P < 0.05. Moreover, for all values, the means AE standard deviation was calculated.
International Journal of Experimental Pathology, 2017, 98, 86-99
Results
Total phenol content of G8000â
The results of the total phenol content of GJC showed a concentration of 54.3 g EAG/kg, with a standard deviation of 0.7. This value is equivalent to a percentage of 5.4 of polyphenols in the GJC used.
Biometric and morphometric evaluation
Considering the epididymis absolute (g) and relative (%) weights, no difference was found between the experimental groups. On the other hand, Cdg demonstrated higher epithelium height when compared to all other groups in epididymis' caput and cauda. This parameter showed a positive effect for GJC, considering that the epithelium height found for CdGJg was the same as in CTg. These data are shown in Table 1 .
Volumetric proportion of epididymis' caput and cauda compartments
The stereological evaluation revealed alteration of the epididymis caput and cauda components.
In the caput, a significant increase in the epithelium and smooth muscle proportions was observed in the Cdg, accompanied by a significant decrease in lumen proportion compared to the control group. Considering the tubular and intertubular compartment proportions, no difference was observed in the epididymis caput. In the groups treated with GJC, no difference was observed in relation to the control group. However, they had a lower epithelium and smooth muscle proportion when compared to Cdg group.
On the other hand, in the epididymis cauda, a significant increase in the tubular compartment, epithelium and smooth muscle proportions was observed in the Cdg associated with a significant reduction in the intertubular compartment. In the groups treated with GJC, no difference was observed in relation to the control group. However, they had a lower tubular compartment proportion when compared to the Cdg group.
These data are displayed in Table 2 .
Epididymis light and transmission electron microscopy (TEM) A significant difference was found for *P < 0.05 with CTg; **P < 0.01 with CTg; † P < 0.05 with Cdg and ‡ P < 0.01 with Cdg. CTg, control group; Cdg, cadmium group; CdGJg, cadmium and grape juice concentrate group; GJg, grape juice concentrate group (n = 6/group). A significant difference was found for *P < 0.05 with CTg; **P < 0.01 with CTg; ***P < 0.001 with CTg; † P < 0.05 with Cdg; ‡ P < 0.01 with Cdg and § P < 0.001 with Cdg. CTg, control group; Cdg, cadmium group; CdGJg, cadmium and grape juice concentrate group; GJg, grape juice concentrate group. (n = 6/group).
International Journal of Experimental Pathology, 2017, 98, 86-99 Basal cells were observed intercalated with principal cells in the basal region (inset, Figure 2b ). The eventual presence of a narrow cell with a cup shape was observed, containing vesicles produced by the secretory and endocytic function of this cell. All these cell types were distributed just inside the tunic. The sporadic presence of dense vesicles in the epithelial cell's cytoplasm was also noted (Figure 2a,b) . Sperm was found in the lumen of the epididymis caput and cauda, as expected, considering their unaltered morphology (Figure 2c,d) .
Cadmium aggressivity to this organ was demonstrated by the disorganized morphology of epididymis' caput and cauda in Cdg (Figure 1c,dand Figure 3 ). The lack of adhesion between principal cells (Figure 3a) and between principal and basal cells (Figure 3b ,c,e) was observed although these cells maintained their usual structure. A representative increase in dense vesicles in principal cell cytoplasm ( Figure 3a) and an increased density of narrow cell vesicles were also noted (Figure 3b) . Moreover, many lipid droplets were verified in principal and narrow cell cytoplasms (Figure 3b,d,f) , occupying the entire cell cytoplasm in some cases (Figure 3d,f) . In addition, regions of degenerated cytoplasm and a dilated tunic were recognized (Figure 3e) . The sperm located in epididymis' caput and cauda lumens had a considerable quantity of residual cytoplasm adhering to the flagella (Figure 3g) . Furthermore, loose chromatin areas and partially adhering acrosomes occurred for some sperm heads (Figure 3h ). (Figure 4a,b) . Moreover, the dense vesicles of principal cell cytoplasm were less evident, and a significant reduction in the proportion of lipid droplets was verified (Figure 4a,b) . The narrow cell morphology was the same as in CTg, with some dense vesicles characteristic of this cell (Figure 4c ). The sperm observed in epididymis' caput and cauda lumens also demonstrated the same structure as in CTg (Figure 4d ,e).
Sperm parameters
Considering the DSP and the normal sperm percentage, the Cdg group showed significantly lower values than other groups (Figure 5a,b) , while similar results were observed for the CTg and CdGJg groups. The normal sperm percentage in CdGJg was intermediate between groups CTg and Cdg. Thus, this is another positive aspect of GJC consumption after Cd intoxication. The same pattern occurred in relation to sperm number per testes and per gram of testes, where lower values were observed in the Cdg, relative to all other groups, while a re-establishment of these parameters occurred with GJC ingestion in Cd-intoxicated rats (Figure 5c) . A qualitative analysis of the sperm profile revealed the most prevalent alterations after Cd intoxication, which is illustrated in Figure 6 . GJC-positive action was also observed in the STT and epididymis sperm count. Cdg group showed higher STT and Sperm count in epididymis' cauda. A significant difference was found for *P < 0.05 with CTg; **P < 0.01 with CTg; ***P < 0.001 with CTg; a P < 0.05 with Cdg; b P < 0.01 with Cdg; c P < 0.001 with Cdg. CTg, control group; Cdg, cadmium group; CdGJg, cadmium and grape juice concentrate group; GJg, grape juice concentrate group. (n = 6/group). . All these sperm alterations were also found in CDGJg, but they were less frequent. CTg, control group; Cdg, cadmium group; CdGJg, cadmium and grape juice concentrate group; GJg, grape juice concentrate group. (n = 6/group). Bar=10 lm. [Colour figure can be viewed at wileyonlinelibrary.com].
Determination of tissue Cd concentration
The instrumental conditions for Cd quantification were optimized by evaluating the recoveries of certified reference materials, and the results showed that suitable recoveries were obtained (103 AE 2%), as well as adequate relative deviations, below 10%. Limits of determination (LOD) and quantification (LOQ) were calculated, and the values are 0.04 and 0.14 lg/l respectively.
Cd ability to accumulate in the testes was observed in our research considering that Cd concentration in this organ was significantly higher in Cdg compared to CTg. Moreover, we could demonstrate the GJC protective effect with a reduction in cadmium accumulation in CdGJg relative to Cdg. These data can be seen in Table 3 .
Oxidative stress markers
The group that received only the metal demonstrated raised levels of lipid peroxidation illustrated by higher levels of MDA, compared to all experimental groups. After GJC ingestion in Cd-intoxicated rats, it was possible to verify a reduction in lipid peroxidation level. Analyses of CAT, SOD and GSH levels were not altered among the groups. Table 3 displays the oxidative stress markers.
Discussion
Recently, many natural products have been demonstrated to make positive contributions to the prevention or mitigation of damage due to contamination (Ola-Mudathir et al. 2008; Pires et al. 2013; Lamas et al. 2015 ). An evaluation of the total polyphenol content in the GJC used revealed the presence of a large amount of these molecules. Aguiar et al. (2011) showed that the major bioactive compounds in this concentrate are resveratrol, anthocyanins and quercetin. Thus, from a general perspective, our study demonstrated for the first time in the scientific literature that, when consumed over a long period, GJC promoted the maintenance of epididymis morphology and was able to regulate Cd action mechanism, allowing a complete re-establishment of sperm production, possibly contributing to sperm maturation.
Grape polyphenols are considered potent metal-chelating agents, mainly because of their high affinity for metal ions (Fraga et al. 2010) . Thus, a significant reduction in metal accumulation was observed when GJC was administered to Cd-contaminated rats. The fact that Cd can diffuse rapidly throughout the body after contamination (Monsefi et al. 2010) , having a long biological half-life (Oliveira et al. 2009) , is crucial to its toxicity and highlights the importance of therapies that reduce its levels in the organism, as we demonstrated with continuous GJC ingestion.
Cd accumulation allows the direct action mechanism of this metal. Its ability to alter testicular architecture leads to reduced sperm output and development, as observed in the present research. A recent study by our group revealed that as a consequence of Cd contamination, disruption of cell adhesion, germ cell loss and altered sperm formation, as well as their liberation often after incomplete spermiogenesis, can occur (Lamas et al. 2015) . Moreover, Cd accumulation has a direct effect inducing an inflammatory process, contributing to epithelium disruption (Al-Azemi et al. 2010) and triggering permanent spermatogenesis loss (Abd-Allah et al. 2009).
In our research, daily ingestion of GJC maintained the sperm number and production in the testes of intoxicated rats. Grape derivatives have been reported to interact with transcription factors involved in an inflammatory process and to improve testicular morphology, reducing the areas of disorganized and atrophic seminiferous epithelium caused by Cd (Makenzie et al. 2009; Fraga et al. 2010; Lamas et al. 2015) . This activity together with the reduced metal accumulation due to the GJC can preserve testicular architecture, promoting proper sperm development, as observed in our research. Previous observations of Pires et al. (2013) found no improvement of daily sperm production in Cd-intoxicated rats that received GJC only after the metal injury. This demonstrated the importance of GJC daily ingestion even before Cd intoxication, supporting the advantage of better eating habits.
On the other hand, Cd capacity to promote the formation of reactive oxygen species (ROS), developing a pro-oxidative status, is a well-known mechanism that is directly related to testicular disruption and altered sperm formation (Shaikh et al. 1999; Stohs et al. 2000; Ola-Mudathir et al. 2008) . Elevated ROS are able to stimulate lipid peroxidation (LP) (Sharma & Argawal 1996; Agarwal & Saleh 2002; Vernet et al. 2004; Ola-Mudathir et al. 2008) , promoting an altered signalling transduction, inflammatory process, DNA A significant difference was found for *P < 0.05 with CTg; ***P < 0.001 with CTg; † P < 0.05 with Cdg and ‡ P < 0.01 with Cdg; § P < 0.001 with Cdg; † † P < 0.001 with CdGJg. CTg, control group; Cdg, cadmium group; CdGJg, cadmium and grape juice concentrate group; GJg, grape juice concentrate group. (n = 6/group). damages and also epithelium disruption (Siu et al. 2009; Wang et al. 2012) . Although the LP process is generally accompanied by an alteration in enzymes involved in oxidative stress, this relation was not observed by us. This might be explained by the ability of organisms to re-establish the levels of oxidative stress related enzymes, known to be timedependent (Predes et al. 2014) . Thus, we believe there was a restoration in enzyme levels due to the time elapse between application of the metal and the biochemical analysis. Nevertheless, considering LP a more permanent event, it could be identified at the end of the experiment, indicating the probable occurrence of an oxidative stress process during this period.
Moreover, LP has a direct effect on sperm impairment; as this cell is rich in polyunsaturated fatty acids, it became an important ROS target, which is able to promote DNA damages, motility alterations, as well as sperm loss and abnormalities (El-Demerdash et al. 2004; Vernet et al. 2004; Ola-Mudathir et al. 2008; Zini et al. 2009; Aikten & Curry 2011) . On the other hand, Cd accumulation can promote modifications in chromatin and DNA condensation considering that some molecules can bind to specific sites of sperm DNA (Aikten & Curry 2011) . Alterations in sperm head morphology were very common in the present study and are, possibly, related to DNA modifications (Tanaka et al. 2005; Cho et al. 2011) . Moreover, Cd accumulation has a direct effect on microtubules, inhibiting their formation or sliding, which could be associated with the defects observed in cell division and in sperm flagella (Brunner et al. 1991; Kanous et al. 1993) . Thus, these aspects described above are directly related to reduced sperm production and to higher numbers of sperm with amorphous shapes that are observed after Cd intoxication.
According to Vernet et al. (2004) , sperm damage caused by Cd can persist even in the epididymis tract. After an epididymis ultrastructure screening, we could note the presence of sperm with a considerable quantity of cytoplasm adhering to the flagella, as well as partially condensed areas and areas of poorly adhering acrosomes. Considering a previous investigation of Cd effects that showed residual cytoplasm adhering to the flagella after sperm release in the testicular lumen (Lamas et al. 2015) , this study was able to confirm the continuing damage. Moreover, the damage is seen to be generalized, resulting in sperm alterations that could be verified throughout the epididymis tract.
Polyphenols in GJC, claimed to reduce oxidative stress and also LP, have been described (Ola-Mudathir et al. 2008; Mojica-Villegas et al. 2014) . In a review, Fraga et al. (2010) stated that these molecules can neutralize and stabilize free radicals, reducing LP levels. Thus, together with its metal-chelating properties, the polyphenols present in GJC have the ability to impede the LP cascade (Ola-Mudathir et al. 2008; Fraga et al. 2010) . The reduced levels of LP and Cd accumulation in Cd-intoxicated animals that ingested GJC could result in preserved architecture and consequently improvement in sperm number, production and morphology, besides better chromatin condensation.
Reduced sperm production and increased sperm with altered morphology allowed fewer sperm to reach the epididymis, so that a lesser sperm concentration was observed in this organ caput/corpus and cauda after Cd intoxication. Thus, reduced lumen proportions are associated with the lower sperm concentration verified for this organ. In addition to a lower sperm count, Cd accelerated the time this cell takes to move through the epididymis compartments. When sperm reach the epididymis, this cell undergoes a maturation process, which confers protection, motility and other essential characteristics to the sperm, contributing to the fertilization process (Sullivan et al. 2007; Cornwall 2009; Fosseto da Silva et al. 2011) . Moreover, the dilated tunic is in agreement with higher smooth muscle proportion observed in Cdg group, and both are related to the increased sperm transit time observed. Thus, morphological alteration of the epididymis tunic could contribute to the acceleration of sperm transit in this organ, reducing the exposition of this cell to the epididymis microenvironment, representing an impairment in sperm maturation and in gamete viability (Bedford 1966 (Bedford , 1967 Fernandez et al. 2007) .
The relation between lower sperm count and acceleration in sperm transit time in epididymis caput/corpus and cauda has already been observed in previous studies using other toxic elements (Oliva et al. 2006; Fernandez et al. 2007 ; Fosseto da Fernandes et al. 2012) . In this research, the lower sperm count and SST are associated with alterations in hormonal profile, because testosterone is essential to spermatogenesis and modulates epididymis contractility and luminal fluid viscosity (Sujarit & Pholpramool 1985; Fosseto da Silva et al. 2011) . Moreover, Leydig cell atrophy and reduced serum testosterone have been described after the administration of 1.2 mg/Kg Cd dose (Pires et al. 2013; Lamas et al. 2015) . Thus, hormone alteration triggered by the metal is possibly another cause of sperm damage in the testes and epididymis and culminates in the impairment of sperm maturation, diminishing sperm quality.
The modifications in epididymis morphology promoted by Cd are also associated with the sperm damage observed. Increased epithelium thickness is in agreement with the increased epithelium and reduced lumen proportion observed. This fact is directly related to the ultrastructural findings that revealed an increase in dense vesicles and lipid droplets, occupying the entire cell cytoplasm in some cases, promoting cell swelling. Moreover, Cd-promoted epididymis injury also demonstrated a lack of cell adhesion and regions of degenerated cytoplasm.
The secretory activity of epididymis epithelium is attributed to its function, so it is common that these cells contain vesicles, which store substances related to sperm maturation mechanisms (Nazian 1988; Fosseto da Silva et al. 2011) . Thus, the excessive accumulation of dense vesicles and lipid droplets may reflect changes in cellular metabolism which is accelerated in an effort to try to restore altered parameters and promote sperm viability. Moreover, LP and oxidative stress induction, as well as the direct action of this metal on adhesion proteins, are primarily responsible for general structural destabilization observed (Siu et al. 2009; Wang et al. 2012) . Therefore, an epithelium increase and destabilization as well as vesicle accumulation may trigger alterations in the secretion pattern of the epididymis, possibly culminating in reduced sperm maturation and motility.
GJC daily ingestion extends its protective action against Cd intoxication to the epididymis parameters, possibly contributing to higher gamete quality. After GJC ingestion, a restoration of epididymis morphology and physiology was verified, which allows a proper sperm transit time and a regular maturation process. GJC metal-chelating properties and its capacity to neutralize and stabilized free radicals are the main actions responsible for these events, reducing general Cd toxicity.
In addition, resveratrol, a polyphenol present in grapes, is also known for its ability to interact with oestrogen receptors, stimulating testosterone and gonadotrophin secretion (Juan et al. 2005) . Moreover, GJC ingestion demonstrated the ability to improve Leydig cell percentage and serum testosterone in Cd-intoxicated rats (Pires et al. 2013; Lamas et al. 2015) . Thus, a possible hormonal modulation promoted by GJC exerts a positive action, also contributing to regulate epididymis contractility, secretion process and maturation mechanisms.
Considering epididymis relative and absolute weights, no alterations were observed after any treatments. When these parameters are reduced after intoxication, they have been associated with fewer sperm in the lumen of this organ (Oliva et al. 2006) . Although a smaller quantity of sperm in the epididymis caput and cauda was found, in the present research it was accompanied by epithelial cell enlargement, which may have prevented the weight loss. Moreover, the maintenance of these parameters after GJC ingestion demonstrated that this concentrate does not contribute to epididymis toxicity.
The GJC by itself did not modify sperm development and epididymis morphology. This was not verified by Pires et al. (2013) , who also used a GJC that corroborated with ours. Considering the testes metal concentration, the administration of G8000â in the GJg group appears to have contributed to attaining zero cadmium levels, as opposed to the CTg group that received the same water and commercial rat feed and showed a very low contamination, probably received in the commercial rat chow.
In conclusion, the present study demonstrated that longterm GJC ingestion extends its protective effect to the epididymis tract, allowing a complete re-establishment of its morphology, ensuring a successful sperm maturation process after Cd intoxication. In addition, the completely preserved sperm profile confirms GJC-positive action throughout the spermatogenic process, mainly by modulating lipid peroxidation and Cd accumulation, which are the major action mechanisms for this metal. A fertility evaluation considering the results of mating these animals would be interesting and complement our findings and could be a limitation of this study. Therefore, an additional fertility investigation could be performed in near future to confirm GJC male reproductive preservation. Thus, we proved that long-term consumption of grape juice concentrate possibly contributes to a better maintenance of gamete quality in Wistar rats after cadmium intoxication, preserving sperm prior to ejaculation, and therefore, it may be considered a promissory therapy against Cd-induced infertility.
